Abstract The antiphospholipid syndrome (APS) is a systemic autoimmune disease characterized by thrombosis, recurrent fetal loss and the presence of a variety of antiphospholipid antibodies (aPL), directed to phospholipids like Cardiolipin and phospholipid binding proteins like b2-glycoprotein I. Till date, the pathophysiological processes underlying these thrombotic events were still not fully understood. Recent data support the idea that the aPL might act via enhanced cytokine release due to activation of certain Toll-like receptors. The investigation of some of those mechanisms in more detail enlightens the involvement of the intracellular receptors TLR7 and TLR8 in a central point. Using patients' IgG fractions and/or monoclonal aPL, either generated from mouse or from human B-cells for the stimulation experiments of monocytes, endothelial cells or dendritic cells, all these stimuli induced an enhanced expression and secretion of cytokines, especially TNFa, caused by specific regulation or activation of Toll-like receptors. Using specific agonists or inhibitors could confirm the causal connection of these stimulatory effects. This review focuses on the recent developments connecting the binding of aPL with the activity of Toll-like receptors, especially in monocytes, endothelial cells and dendritic cells.
Introduction
Antiphospholipid syndrome (APS) is a disorder of unknown etiology characterized by venous and/or arterial thrombosis, and by recurrent fetal loss associated with persistently elevated levels of auto antibodies such as antiphospholipid antibodies (aPL) and lupus anticoagulant [1, 2] . The aPL are a part of a heterogeneous family of autoantibodies which react to negatively charged phospholipids such as cardiolipin and phosphatidylserine and to phospholipid binding protein-cofactors like b2-gylcoprotein I (b2GPI) [3] . The hypercoagulable environment in APS is relatively well known. In contrast, the key role of the up-regulated expression of tissue factor (TF) on the cell surface of monocytes and endothelial cells is a relatively new aspect [4] [5] [6] . TF as the main initiation of the coagulation cascade is thought to be the most severe trigger of thrombosis in the pathophysiology of APS [7] .
Another recently discussed pathomechanism and subject of currently ongoing studies is the possible involvement of Toll-like receptors (TLRs) in the signaling cascades leading to the clinical symptoms known in the APS [8] [9] [10] [11] [12] [13] [14] [15] [16] . TLRs play a crucial role in the early detection of pathogenassociated molecular patterns (PAMPs) and the subsequent activation of the adaptive immune response. In humans, 11 different TLRs have been identified and each TLR appears to recognize distinct PAMPs derived from various microorganisms, including bacteria, viruses, protozoa and fungi [17] . The recognition of microbial components by TLRs results in the activation of a MyD88-dependent cascade (except TLR3) which provokes inflammatory responses.
Uncontrolled activation of TLRs, however, can lead to substantial inflammation resulting in tissue damage and autoimmunity [18, 19] . Recent studies demonstrated that nucleic acids of mammalian origin can act as endogenous ligands for TLRs which lead to enhanced secretion of cytokines, mainly interferon alpha (INFa) by plasmacytoid dendritic cells (pDC). This mechanism is the cause of increased serum concentrations of INFa in systemic lupus erythematosus (SLE) patients which correlate with disease activity and likely contribute to disease pathogenesis [20] .
Importance of the tools used for studying the pathogenesis of antiphospholipid antibodies
To understand the impact of the recently published results by different groups, it seems to be helpful to describe the reagents used to describe the binding of aPL and the respective signaling induced by this binding in certain cells. The most common antibody-preparations used in these studies are presented here in a short overview.
Affinity purified IgG from APS patients specifically directed to b2GPI
Most used in nearly all studies is the preparation of IgGfractions from APS patient's serum purified using protein G (or protein A) sepharose columns. As the first step in the purification process, the level of antiphospholipid antibodies directed to b2GPI and/or cardiolipin in the APS patient's serum is measured using the standard ELISA methods. After the purification process, the concentration of the specific ''antiphospholipid/b2GPI'' IgG is significantly enhanced inside the portion of the whole IgG obtained using this purification method. This approach needs extensive control to exclude unspecific binding of other IgG specificities in the IgG preparation.
Affinity purified IgG using b2GPI-coupled columns A variant of the methodology described above is the combination of the affinity purification using protein G (or protein A) sepharose columns with a b2GPI column used in a second step. This approach generates a high purified population of b2GPI-specific IgG antibodies without other, possibly interfering, antibody specificities.
Mouse monoclonals directed to b2GPI
Monoclonal antibodies offer the possibility to know exactly where, or directed to which antigen, the antibodies are binding. Thus, using mouse monoclonal antibodies might be of great advantage. Nevertheless, it is a problem that the binding characteristics are due to the mouse CDR1-3 hyper variable binding regions. The best known representative of this antibody species are the monoclonals (HCAL) directed to b2GPI produced by the group of Takao Koike and at present widely used as a standard preparation in the commercial assays.
Human monoclonal antibodies
To overcome the problem of the differences in the binding characteristics of the mouse monoclonal antibodies, it seems to be very promising to work with human monoclonal antibodies. The currently best-characterized monoclonal antibodies are coming from our group. Two protein cofactor independent monoclonal antiphospholipid antibodies (HL5B and HL7G) generated in our group [3] showed a procoagulant activity in monocytes via the induction of TF expression. Both antibodies are of IgG2-isotype with lambda light chains and the sequences of their hypervariable regions (CDR3) showed intense somatic mutations. In view of the procoagulant activity induced on monocytes by these monoclonal antibodies, we interpreted HL5B and HL7G to be antigen-maturated antibodies responsible for (some of) the clinical features of APS.
Why Toll-like receptors?
The initial findings of a study of Sorice et al. [21] demonstrated that human anti-b2GPI antibodies from patients' IgG fractions induce a proinflammatory and procoagulant monocyte phenotype characterized by the release of TNFa and TF, respectively. Moreover, these results gave some evidence that the antibodies were able to trigger a signal transduction pathway in monocytic cells. In this regard, the first indication derived from the observation that antib2GPI target antigen was found within lipid rafts, specialized portions of cell plasma membrane implied in signal transduction pathways [21] [22] [23] , as revealed by the sucrose gradient analysis.
The presence of b2GPI dimers in lipid raft fractions was consistent with the observation that oxidized b2GPI was able to trigger signal transduction pathways [24, 25] and that these b2GPI dimers mimic in vitro the effects of b2GPI-anti-b 2 GPI antibody complexes [25] . This hypothesis was further supported by the observation that Annexin A2, which is thought to be the main specific receptor for b2GPI [26], was also highly enriched in lipid raft fractions, where it coimmunoprecipitated with b2GPI. This finding supported the view that the antibodies recognize b2GPI that is coupled with its own receptor [12] . This immune complex might then induce cell signaling as suggested by Meroni et al. [9, 12, 22] .
Following the demonstration that anti-b2GPI antibodies triggered a signaling cascade comparable to that used by TLR4 in endothelial cells, with consequent IRAK phosphorylation and NF-jB translocation [12] , it could be shown that even anti-b2GPI antibodies activated the same pattern in human monocytes as a consequence to the binding of b2GPI within lipid rafts.
Furthermore, the previous studies have shown that Annexin A2 mediates EC activation by aPL/anti-b2GPI antibodies after binding to b2GPI [27, 28] . Annexin A2 does not span the cell membrane, so this interaction may also require an ''adaptor'' protein which is able to transduce it to the intracellular signaling. Accordingly, there is preliminary evidence that TLR4 may be involved as a ''coreceptor'' for Annexin A2.
Romay-Penabad et al. showed, in agreement with previous observations, that b2GPI binds to A2 on target cells recognized by aPL antibodies [29, 30] . The lack of A2 or addition of anti-A2 antibody seemed to produce a significant but incomplete inhibition of some of the pathogenic effects induced by aPL antibodies.
A recent publication of the group of Pierangeli et al.
[31] showed impressive results indicating that this Annexin A2 might really play the central role in aPL/anti-b2GPI pathogenic effects in vivo. APL-induced thrombosis, TF activity, and VCAM-1 expression were all significantly diminished in A2
-/-compared with A2 ?/? mice. Importantly, the in vivo effects correlated with the inhibitory effect of mouse anti-A2 antibodies on up-regulation of ICAM-1, E-selectin, and TF induced by aPL antibodies in vitro on endothelial cells. These studies were performed using a patient's serum containing anti-b2GPI antibodies as well as mouse monoclonal antibodies to b2GPI [31].
Compared to the results coming from our group, differences could be demonstrated due to the origin of the employed antibodies. Using human monoclonal antibodies directed to Cardiolipin and Phosphatidylserine in a b2GPI-dependent manner, another signaling pathway directed toward TLR7 and TLR8 could be demonstrated.
This human monoclonal antiphospholipid IgG2 kappa monoclonal antibody HL5B binds to pure phospholipids as well as to complexes with b2GPI [3] . Stimulation of monocytes with this antibody revealed enhanced TLR8-mediated cytokine secretion and even higher stimulation levels after adding the specific stimulus for TLR8. These effects could be entirely reversed using an inhibitory deoxyoligonucleotide [13] . Testing PBMC's of APS patients for TLR8 mRNA expression level revealed significantly higher amounts of TLR8 in contrast to controls. Moreover, stimulation of human peripheral blood monocytes with IgG fraction of APS patients showed an increase of TLR8 mRNA expression as well. Furthermore, it could be shown that aPL-induced prothrombotic cytokines via TLR8.
TLR8 is known to be mainly expressed in endosomes of monocytes and neutrophils [32-34] and functions (like TLR7) as a pattern recognition receptor for ssRNA. Although TLR7 and TLR8 seem to be phylogenetically and structurally related, they differ in their target cell selectivity and cytokine induction profile [35] .
Meroni et al. [9] suggested as well that TLRs might be involved in the pathogenesis of APS. Their study revealed that b2GPI, which may bind to Annexin II, interacts with TLR4 because of its homology to microbial structures. In turn, aPL binding to this b2GPI might trigger the TLR4 signaling via NF-jB inducing a proinflammatory and procoagulant phenotype in endothelial cells. Comparable results have been carried out for monocytes [7] . CesarmanMaus et al. [36] were well able to show that antibodies directed against Annexin II had a significant impact on thrombotic events in APS.
Apart from these studies, new evidence arises linking the involvement of TLRs to the pathophysiology of autoimmune diseases. Recently, Subramanian et al. [37] were able to prove that translocation of the TLR7 gene followed by its overexpression is closely associated with the development of SLE in mice.
Taking these findings into consideration, we were able to demonstrate that a human monoclonal aPL (HL5B) as well as IgG fractions from APS patients are able to induce TLR8 (over)expression as well as TNFa and IL-1b release.
It can be assumed that in patients with APS stimulation with increased aPL, the threshold of TLR8 expression in monocytes results in a permanent ''overexpression'' of TLR8 in peripheral monocytes. This does not necessarily lead to an immediate procoagulant activity, but this could be one reason that ''aPL-preactivated'' monocytes additionally triggered (2nd Hit) with, e.g., viral RNA, might lead to a higher expression of procoagulant cytokines like TNFa [38, 39] and IL-1b [40] thus, promoting thromboembolic events.
So far, only TLR2 and TLR4 [41] have been associated with APS. A possible correlation between TLR4 and thrombosis in APS has recently been described by Pierangeli et al. [5] . The study reveals that mice with a mutation in the TLR4 gene (therefore LPS-nonresponsive) showed significantly smaller thrombi and a number of adhering leucocytes compared to the control group (LPSresponsive) after injection of aPL IgG-fraction.
TF is mainly expressed in endothelial cells and monocytes [7, 23] and represents one of the most prominent inducers of thrombotic events. Well-described triggers of TF expression were the procoagulant cytokines TNFa and IL-1b [42, 43] , which were found as downstream constituents of TLR8 signaling [8, 44] .
Enhanced TNFa production after TLR8 stimulation (either with small nuclear RNAs 10 or other TLR8 agonists
[35]) has already been reported. Increased levels of IL-1b have only been described in patients with retinal venous occlusion in association with APS so far [45] . Recently, our group could demonstrate that besides the TNFa production, the signaling via TLR8 induced the secretion of IL-1b and the induction of Caspase 1 in monocytes as well [46] .
Conclusion
Current knowledge links the reactivity of aPL to the signaling via Toll-like receptors. Till date, it seems that at least two distinct pathways might be involved in this process depending on the antibody specificity used in the experiments. TLR2/TLR4 as shown by Pierangeli and Meroni group has been clearly linked to the binding of b2GPI-specific antibodies in monocytes and endothelial cells. TLR7/TLR8 seems to be the central players in the signaling cascade induced by aPL directed to cardiolipin/ phosphatidylserine at least in monocytes and dendritic cells. It will be a fascinating challenge to combine these findings and to start, now, a description of a still more conclusive pathogenetical model of the binding of antiphospholipid antibodies to different cell populations. 
